INTRODUCTION
Lidocaine hydrochloride (LC HCl), which is a tertiary amine compound, is a most common local anesthetic in clinical use. Mechanism of LC HCl action is well known and described in the text book concerning anesthesia as follows 1 ) . Tertiar y amine local anesthetics exist as uncharged base and protonated species in physiological solution. These forms have different biological activities and interact in various modes with phospholipids and proteins in nerve membranes. Uncharged anesthetic preferentially partitions into the hydrophobic membrane interior, whereas charged anesthetic adsorbs at the negatively charged membrane surface. Two primary reactions with sodium channel proteins are shown; that is, rapid binding of the uncharged form at the lipid-protein interface, and slower binding of the charged form by means of the inner mouth of the channel 1) . However, it should be noted that the latter process is not suitable for non-protonated anesthetics such as benzocaine, benzyl alcohol and so on. So far we have demonstrated the important role of uncharged species in the anesthetic mechanisms [2] [3] [4] . The variability of the chemical structure of various local anesthetics (amines, alcohols, steroids, etc.) supports the idea that local anesthetics act rather nonspecifically and cause physical perturbations of the lipidic part of the nerve membranes, resulting in the blockade of propagation of nerve impulses. On the basis of this idea, a number of studies have been done to determine the effect of anesthetics on the phase transitions of lipid bilayers [5] [6] [7] [8] [9] [10] [11] [12] . The depression of the phase transition temperature is often analyzed by the colligative property of bilayer membranes according to the van't Hoff model, and leads to the partition coefficients of the anesthetics into the bilayer membrane 8, 10, 12) . A good correlation between the anesthetic potency and the partition coefficient into lipid membranes 12) seems to support strongly the lipidic model of local anesthesia.
In the study of model biomembranes, a single-component phospholipid such as dipalmitoylphosphatidylcholine (DPPC) and dioleoylphosphatidylcholine (DOPC) has been widely used. However, naturally occurring phospholipids contain generally various kinds of lipid molecules with different chain lengths and degrees of unsaturation. In this study, we employed egg phosphatidylcholine (EPC) as a multi-component phospholipid, as well as DPPC and DOPC as a single-component phospholipid, which has highly biocompatibility and is used as a drug carrier such as fatty emulsion in the medicinal field 13) . Present study reveals the effect of LC HCl on the bilayer structure of EPC, DPPC and DOPC bilayers by means of small-angle X-ray scattering (SAXS), fluorescence, dynamic light scattering (DLS) and zeta potential measurements.
EXPERIMENTAL

1
Purified egg phosphatidylcholine (EPC) was purchased from Q. P. Corporation (Tokyo, Japan). Synthetic DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, and DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine, were obtained from NOF Corporation (Tokyo, Japan). EPC contains various phosphatidylcholines (PCs) with different acyl chains and  the same head groups: C16:0-PC, 32%; C18:0-PC, 13%;  C16:1-PC, 1%; C18:1-PC, 30%; C18:2-PC, 15%; C20:4-PC,  4%; C22:6-PC, 1% and others, 4%. The mean molar mass of EPC necessary to calculate the concentration of EPC was decided as 770.9. A local anesthetic lidocaine hydrochloride (LC HCl), 2-(diethylamino)-N-(2, 6-dimethylphenyl) acetamide hydrochloride, was obtained from MP Biomedicals, LLC (Irvine, CA, USA), the purity of which is better than 99.7% (by HPLC) according to supplier. These materials were used directly without further purification. The fluorescence probe Prodan, 6-propionyl-2-(dimethylamino) naphthalene, was obtained from Molecular Probes, Inc. (Eugene, OR, USA). Chemical structures of phospholipids, LC HCl and Prodan used are shown in . Water of injection grade, which was obtained from Otsuka Pharmaceutical Factory, Inc. (Tokushima, Japan), was used throughout the experiments.
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2.2.1 The phospholipid multilamellar vesicles for SAXS measurements were prepared under nitrogen atmosphere by suspending each phospholipid to give a lipid concentration of 0.18 M. The suspensions were kept at a temperature above the main-transition temperature of lipid bilayers and stirred for one hour. After cooling to room temperature, LC HCl was added to the lipid suspensions, and the LC HCl concentration was adjusted to the range from 0 to 1.1 M. 2.2.2 The phospholipid vesicles for DLS and zeta potential measurements were prepared under nitrogen atmosphere by suspending each phospholipid to give a lipid concentration of 0.018 M. The suspensions were sonicated at a temperature above the main-transition temperature of lipid bilayers for 10 min, and then homogenized by a high-pres- 14) method. The chloroform solution of each lipid was mixed with the ethanol solution of Prodan. The mixed solution was dried in vacuum to remove all solvents and finally to get a dry film. Water was added to the dry film, and the suspension was hydrated by the treatment of vortex. The suspensions were sonicated at a temperature above the main-transition temperature for a short time (ca. 3 min) in order to prepare the multilamellar vesicle suitable for the fluorescence measurements. The total concentration of the lipid was 1.0 mM and the molar ratio of Prodan to the lipid was 1:500. LC HCl was added to the multilamellar suspensions containing Prodan, and the LC HCl concentration was adjusted to the range from 0 to 0.74 M. The fluorescence intensity of Prodan was affected by the phospholipid concentration in vesicle suspension. However, the wavelength of the emission maximum of Prodan did not change in the range of lipid concentration, 0.5 1.0 mM 15) . The sample solutions were protected from light until measurments.
3
SAXS experiments using synchrotron radiation sources were carried out at room temperature with optics and detector systems of SAXSES (small-angle X-ray scattering equipment for solution) installed on the 3.5-GeV storage ring in the Photon Factory, KEK (Tsukuba, Japan). Scattering intensities were registered at 512 different angles with a l of 0.149 nm in the range 0.11 < q < 3.8 nm -1 , where q denotes the amplitude of the scattering vector equal to 4p sin q/l and 2q is the scattering angle. The SAXS experimental procedure is described in detail elsewhere [16] [17] [18] [19] . The SAXS intensity was measured for 300 s for all sample solutions and bulk water, and the net scattering intensities were calculated by subtracting the scattering intensities of bulk water from those of the assembly solutions [20] [21] [22] .
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The fluorescence measurements were carried out with Hitachi Spectrophotometer (Model F-3010) at constant temperatures, 25 and 60 . Temperature was controlled within an accuracy of 0.1 by circulating thermostated water from a temperature-regulated water bath. The excitation wavelength was 361 nm, and the emission spectra were obtained at wavelength from 390 to 550 nm. The excitation and emission slits were 20.0 and 10.0 nm, respectively.
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The average size and the zeta potential of phospholipid vesicles were determined by a electrophoretic light-scattering spectrometer ELS-8000 (Otsuka Electronics, Osaka, Japan) with a He-Ne laser operating at 633 nm. All measurements were made at 25 , maintained by a recirculating water bath. Cell holder for DLS measurement was attached and disposable light-scattering cell (made of polystylene) was used for the determination of the average vesicle size. The test solution was measured as it was. The scattered light perpendicular to the incident light was detected and the average size of vesicle was calculated by the Cumurant method (using software incorporated in ELS-8000). Alternatively, the electrophoretic cell was used for the determination of the zeta potential at a static electric field of 60 V/cm. The test solution was diluted to 500 times with water and measured. The scattered light in the direction of scattering angle 20 was detected, and the zeta potential of charged vesicles was calculated by using the electro-osmosis analysis method (Laser Doppler method), which is also included in the software of ELS-8000.
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Osmotic pressures of various vesicle suspensions were determined by a cryoscopy using an osmometer OSMO STATION OM-6050 (ARKRAY, Kyoto, Japan). Three point calibrations at 0, 0.77 and 2.57 kPa and all measurements were carried out automatically. The test solution was measured as it was.
RESULTS
1
The Kratky plot is obtained by plotting the X-ray scattering intensity I (q) versus scattering vector q (Å -1 ). Typical patterns of SAXS for EPC, DPPC and DOPC vesicle suspensions in the absence and presence of LC HCl are shown in . The concentration of lipids has been kept at 0.18 M throughout the SAXS experiment. Basic positions of Bragg reflection in the absence of LC HCl are shown by the dotted lines. In the suspension of EPC and DOPC, broad peaks in Bragg reflection were observed while the DPPC suspension showed sharp peaks. This difference in SAXS patterns is probably attributable to the difference in the state of lipid bilayers: that is, DPPC bilayer is corresponding to the gel state while EPC and DOPC bilayers are corresponding to the liquid crystalline state under the room temperature condition for SAXS measurements. In the presence of 0.37 M LC HCl, new peaks in Bragg reflection were observed, which are shown in by arrows. Bragg reflection based on the bilayer structure was observed even at high concentration of LC HCl up to 
The effect of lidocaine hydrochloride on the bilayer systems of EPC, DPPC and DOPC
2
The effect of osmotic pressure on the average particle size of EPC vesicle was examined by means of DLS. Osmotic pressure was controlled by the addition of adequate amounts of the moderator such as sodium chloride, glycerol and LC HCl. The average size of EPC vesicles in the presence of various osmotic-pressure moderators are summarized in . Immediately after the adjustment of osmotic pressure, the average vesicle size of EPC varied with sodium chloride and LC HCl; EPC vesicle was expanded by the addition of sodium chloride and contracted by LC HCl. Similar tendency was observed after 24 h. On the other hand, glycerol hardly altered the vesicle size of EPC throughout measurements. These results indicate that the osmotic pressure hardly alters the average size of EPC vesicles. It seems that there exist other factors for the variation of EPC vesicle size by the addition of sodium chloride and LC HCl.
3
The zeta potential of EPC vesicle was determined as a function of LC HCl concentration, which is shown in . The zeta potential of EPC vesicle increased almost linearly with an increase in the LC HCl concentration. This means that the lidocaine cations are adsorbed preferentially around the polar head groups of phospholipids on the vesicle surface and then the surface potential of EPC vesicles varies from negative to positive.
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The hydrophobic fluorescent probe Prodan is extremely sensitive to solvent polarity and has been widely used to determine the physical properties of phospholipid membranes 15, [25] [26] [27] [28] [29] [30] [31] . In the gel phase the emission spectrum of Prodan has a maximum at 430 435 nm, which is interpreted as Prodan in hydrophobic environment, while in the liquid crystalline phase the fluorescence emission maximum is red-shifted to the region around 480 nm, suggesting a hydrophilic environment. Prodan fluorescence has been also shown to respond to the formation of interdigitated gel phase in DPPC vesicles when induced by high pressure 15, 25, 26) and a high concentration of ethanol [26] [27] [28] ; the emission maximum of Prodan fluorescence is shifted dramatically to longer wavelength, that is, ca. 500 nm by pressure-induced interdigitation 15, 31) and 510 520 nm by ethanol-induced interdigitation 26, 28) . In order to confirm the state of PC bilayer membranes in the presence of LC HCl, we measured Prodan fluorescence in various bilayer vesicles of PCs, which are shown in . Existence of vesicle structure even at a high concentration of LC HCl up to 0.74 M was confirmed in advance under a microscope and differential scanning calorimetry for DPPC bilayer provided a definite evidence in confirmation of an endothermic peak based on the bilayer structure. Regarding the DPPC vesicles at 25 ( ), at which the bilayer exists as the gel phase, the emission spectrum of Prodan in DPPC vesicle in the concentration range of LC HCl up to 0.19 M exhibits a major peak at 440 nm and with a shoulder near 510 nm. At a LC HCl concentration above 0.37 M, the emission spectrum of Prodan in DPPC vesicle displays a dominant peak at 518 nm, which is approaching to the emission maximum in water, i.e., 528 nm 15) . Similar phenomenon has been observed in the case of ethanol-induced interdigitation 28) . So far, some local anesthetics such as tetracaine and dibucaine are known to induce the interdigitated gel phase in the DPPC bilayer membrane 32, 33) . However, LC HCl in the concentration range of 0 0.16 M is hardly known to induce the bilayer interdigitation 33) . Present results of Prodan fluorescence in the presence of LC HCl above 0.37 M reflect probably the LC HCl-induced lipid interdigitation.
shows the fluorescence spectra of Prodan in the liquid crystalline phase of DPPC bilayers. The emission maximum at 490 nm is gradually red-shifted to 514 nm as the LC HCl concentration increases. Since the interdigitation in the liquid crystalline phase of PC bilayers has never been known, the 514 nm peak at the LC HCl concentration of 0.74 M can be attributed, at least partially, to Prodan in the aqueous bulk solution. It seems that the Prodan molecules in DPPC vesicles are substituted for the LC HCl molecules as the LC HCl concentration increases. The fluorescence spectra of Prodan in DOPC ( ) and EPC vesicles ( ) are rather similar to those in DPPC vesicles at 60 . Since both bilayers of DOPC and EPC exist as the liquid crystalline state, the red shift of emission maximum can also be attributed to Prodan in aqueous phase owing to the substitution of Prodan molecules for LC HCl molecules in lipid vesicles.
DISCUSSION
1
Effect of a local anesthetic LC HCl on the bilayer structure of EPC was elucidated by means of SAXS, Prodan fluorescence and electrophoretic light scattering. The average size of EPC vesicle determined by DLS deacreased with an increase of LC HCl concentration as is seen from . It was confirmed that the osmotic pressure is not responsible for the vesicle contraction by the addition of LC HCl. Therefore, it is thought that there exists a specif-
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J. Oleo Sci. 58, (7) 369-377 (2009) ic interaction between EPC vesicle and LC HCl molecules. Zeta potential of EPC vesicle increased monotonously from negative to positive values, which is seen in . These results of DLS and zeta potential suggest that the radius of curvature of EPC vesicle becomes shortened by the adsorption of lidocaine cations on the surface of vesicles. The lidocaine molecules, which have an amphiphilic nature, may be oriented in the region of lipid interface: an ionic part of lidocaine molecule is exposed to water and a hydrophobic moiety (i.e. dimethylphenyl group) penetrates into the region around the glycerol backbone of lipids. The adsorption (or penetration) of lidocaine on the vesicle interface brings about the lateral expansion in the bilayer structure of lipids. When short amphiphilic molecules are located in the interfacial region of the liquid crystalline state of PC bilayer membranes, non-polar moieties of the amphiphilic molecules are not as long as the acyl chains of lipids. In order to eliminate the formation of holes in hydrophobic chains, the chains with gauche conformation could fold in the bilayer. Actually, the contraction of dspacing by 0.8 nm was observed by the SAXS as is seen from . This contraction in the lamellar distance caused by the addition of LC HCl is attributable to the chain folding in the lipid bilayer, since it is unlikely that the bilayer interdigitation takes place in the liquid crystalline phase. Red shift of emission maximum from 492 nm to 516 nm (shown in ) is attributable to Prodan in the aqueous solution rather than the bilayer phase transformation into the interdigitated gel phase because the partitioning of Prodan molecules into EPC vesicle is significantly reduced by the replacement of Prodan by LC HCl becoming higher concentrations.
2
DOPC bilayer membrane has been most thoroughly studied as a typical unsaturated lipid bilayer membrane, which exists as a liquid crystalline state because of extremely low temperature of phase transition 34, 35) . SAXS and Prodan fluorescence patterns for DOPC vesicle suspensions are very similar to those for EPC vesicles as is seen from and . The lamellar distance is reduced by 1.0 nm in the presence of 0.37 M LC HCl (shown in ). The emission maximum of Prodan in DOPC vesicle is red-shifted from 496 nm to 516 nm (shown in ). These results suggest that in the DOPC bilayer membrane the contraction of lamellar distance caused by LC HCl is also attributable to the chain folding in a similar manner to the lamellar-distance contraction in the EPC bilayer membrane.
3
In order to elucidate the molecular interactions between biological membranes and drugs such as anesthetics, many physico-chemical approaches have been reported using model biomembranes. A representative phospholipid, DPPC has been widely used in the study of the model biomembranes. It is well known that the DPPC bilayer membrane exhibits four bilayer phases in turn, namely the lamellar crystal, lamellar gel, ripple gel and liquid crystalline phases, as temperature increases. Recent studies on the phase behavior of DPPC bilayer membrane have suggested that there exists an interdigitated gel phase, in which the hydrocarbon chains from apposing monolayers become interdigitated with the chains, induced by high concentration of alcohols 26, [36] [37] [38] and some local anesthetics such as tetracaine and dibucaine 32, 33) as well as high pressure 24, 39) . Tetracaine and dibucaine behave as a cationic surfactant because of their hydrophobic nature and have the critical micelle concentration of 128 and 79 mmol kg -1 , respectively 3, 4) . In contrast, LC HCl dose not have the ability to form micelle by itself. Previous study has shown that tetracaine above 21 mmol kg -1 and dibucaine above 11 mmol kg -1 induced the interdigitated gel phase while lidocaine up to 160 mmol kg -1 did not induce the interdigitated gel phase in DPPC bilayer 33) . Since ethanol-induced interdigitation is observed at higher concentration than 1. 1 M 26) , the interdigitation is expected to occur at rather high concentration of LC HCl.
In the present study, we observed the d-spacing of the gel phase of DPPC bilayer membrane in the absence and presence of LC HCl; the value of d-spacing in the absence of LC HCl was 6.5 nm and that in the presence of 0.37 M LC HCl was 4.9 nm as is seen from . Reduction of d-spacing caused by LC HCl amounts to 1.6 nm, which is about two times the d-spacing reduction in EPC bilayer. The reduced value of 4.9 nm is in fair agreement with the d-spacing of the fully interdigitated gel phase for the DPPC bilayer membrane 24) . With respect to the emission spectra of Prodan, the value of emission maximum taken from was depicted in as a function of LC HCl concentration. The emission maximum of Prodan in the gel phase of DPPC bilayer membrane (at 25 ) exhibited the significant red shift at a LC HCl concentration between 0.19 and 0.37 M, and was finally reached 524 nm at 0.74 M LC HCl, which is corresponding to the phase transition from the lamellar gel to the interdigitated gel phase 15) . The red shift was also observed in the liquid crystalline phase of DOPC and EPC bilayers. The value of emission maximum in the DOPC and EPC bilayers was 516 nm, which means less hydrophilic environment than that in DPPC bilayer (at 25 ) in the presence of 0.74 M LC HCl. Partition coefficient of Prodan into the interdigitated gel phase of DPPC bilayer is known to be significantly small 28) , compared with that in other phases of lipid bilayers. This reduced partition coefficient of Prodan into the interdigitated gel phase plus the replacement of Prodan by LC HCl becoming high concentration are probably responsible for the significant redshift of emission maximum of Prodan as is seen in . Consequently, it is concluded that the presence of LC HCl above 0.37 M induces the bilayer interdigitation in the DPPC bilayer membrane.
CONCLUSION
In this study, we examined the effect of a local anesthetic LC HCl on the bilayer structure of EPC, DOPC and DPPC. The contraction of lamellar distance was detected by a SAXS method for all the lipid bilayers in the presence of LC HCl. The feature of bilayer contraction for the liquid crystalline state of EPC and DOPC bilayers is different from that for the gel state of DPPC bilayer. In the case of the liquid crystalline state of EPC bilayer, the adsorption of lidocaine cations on the surface of bilayer brought about the lateral expansion and the chain folding in the lipid bilayer. On the other hand, in the gel state of DPPC bilayer, the presence of LC HCl above 0.37 M induced an interdigitated structure, which is new finding of lidocaine-induced interdigitation in the DPPC bilayer. Since cellular membranes of living organisms contain various kinds of saturated and unsaturated phospholipids such as EPC, it would be expected that the knowledge of the LC HCl effect (at a low concentration) on the bilayer structure of lipids contributes to a better understanding of the mechanism of local anesthesia. 
